Endometriosis (E), an estrogen-dependent, progesterone-resistant, inflammatory disorder, affects 10% of reproductive-age women. It is diagnosed and staged at surgery, resulting in an 11-year latency from symptom onset to diagnosis, underscoring the need for less invasive, less expensive approaches. Because the uterine lining (endometrium) in women with E has altered molecular profiles, we tested whether molecular classification of this tissue can distinguish and stage disease. We developed classifiers using genomic data from n = 148 archived endometrial samples from women with E or without E (normal controls or with other common uterine/pelvic pathologies) across the menstrual cycle and evaluated their performance on independent sample sets. Classifiers were trained separately on samples in specific hormonal milieu, using margin tree classification, and accuracies were scored on independent validation samples. Classification of samples from women with E or no E involved 2 binary decisions, each based on expression of specific genes. These first distinguished presence or absence of uterine/pelvic pathology and then no E from E, with the latter further classified according to severity (minimal/mild or moderate/severe). Best performing classifiers identified E with 90%-100% accuracy, were cycle phasespecific or independent, and used relatively few genes to determine disease and severity. Differential gene expression and pathway analyses revealed immune activation, altered steroid and thyroid hormone signaling/metabolism, and growth factor signaling in endometrium of women with E. Similar findings were observed with other disorders vs controls. Thus, classifier analysis of genomic data from endometrium can detect and stage pelvic E with high accuracy, dependent or independent of hormonal milieu. We propose that limited classifier candidate genes are of high value in developing diagnostics and identifying therapeutic targets. Discovery of endometrial molecular differences in the presence of E and other uterine/pelvic pathologies raises the broader biological question of their impact on the steroid hormone response and normal functions of this tissue. Endometriosis (E) is a progressive, debilitating, estrogen-dependent, progesterone (P )-resistant, inflammatory disorder associated with pelvic pain and infertility, with endometrium (uterine lining)-like tissue present outside the uterus (1, 2). By retrograde menstruation, endometrial tissue fragments/cells are transplanted to the pelvis (3), where they establish a blood supply, respond to cyclic hormones, grow, invade surrounding structures, become innervated (4, 5), and elicit a local inflammatory response and scarring (1, 2). E affects 6%-10% of reproductive-age women (6) and 50% of women with pelvic pain and/or infertility (>100 million women worldwide) (7) and is a major cause of disability and compromised quality of life (8, 9) . Pelvic, lower abdominal and back pain, and urinary and gastrointestinal symptoms make diagnosis challenging, because many symptoms are nonspecific or are associated with other disorders (1). Pelvic inflammation and nerve infiltration result in pain (4, 5) , and infertility is due to ovulatory dysfunction, poor egg quality, abnormal (P -resistant) uterine endometrium, and compromised embryo implantation (1, 2, 10). In 2009, estimated United States healthcare costs for diagnosis and treatment of E-related pain and infertility totaled $49 billion (9).
Endometriosis (E) is a progressive, debilitating, estrogen-dependent, progesterone (P )-resistant, inflammatory disorder associated with pelvic pain and infertility, with endometrium (uterine lining)-like tissue present outside the uterus (1, 2) . By retrograde menstruation, endometrial tissue fragments/cells are transplanted to the pelvis (3), where they establish a blood supply, respond to cyclic hormones, grow, invade surrounding structures, become innervated (4, 5) , and elicit a local inflammatory response and scarring (1, 2) . E affects 6%-10% of reproductive-age women (6) and 50% of women with pelvic pain and/or infertility (>100 million women worldwide) (7) and is a major cause of disability and compromised quality of life (8, 9) . Pelvic, lower abdominal and back pain, and urinary and gastrointestinal symptoms make diagnosis challenging, because many symptoms are nonspecific or are associated with other disorders (1) . Pelvic inflammation and nerve infiltration result in pain (4, 5) , and infertility is due to ovulatory dysfunction, poor egg quality, abnormal (P -resistant) uterine endometrium, and compromised embryo implantation (1, 2, 10) . In 2009, estimated United States healthcare costs for diagnosis and treatment of E-related pain and infertility totaled $49 billion (9).
The current gold standard for E diagnosis and staging is surgical visualization under general anesthesia with histologic confirmation of endometrial glands and stroma in biopsied pelvic lesions (1) . Drawbacks of surgical diagnosis include procedural and anesthetic risks, time away from work and family, and cost (1, 9) . The mean time from pain onset to surgical diagnosis is 6.7-11.0 years (8, 11) , with attendant risk of disease progression (12) over this interval. Diagnostic delay may have deleterious consequences (11, 13) , including progression of pain and infertility requiring more aggressive treatment approaches. In addition, recent data suggest radical removal of all visible disease is protective against later developing ovarian cancer (14) , underscoring the importance of early diagnosis and intervention. When E is suspected, pain is empirically treated with contraceptive steroids, antiinflammatory drugs, and GnRH agonists, but these therapies are unsatisfactory in 20% of women because of side effects or resistance (1) . Thus, a prompt, low-risk, low-cost diagnostic with high accuracy is needed (15) to shorten time to diagnosis, minimize disease progression and ovarian cancer risk, optimize timing and strategies for pain and infertility therapies, and monitor disease recurrence.
Because the endometrial transcriptome differs significantly in women with vs without disease (16,-20) , herein we applied machine learning and high dimensional analysis to leverage these observed differences towards developing classifiers for E diagnosis and stage and pursue further insights into the pathobiology of endometrium in women with disease. We report highly accurate diagnostic classifiers that use sequential binary decisions, each based on specific gene sets, that distinguish E (disease and stage) and are menstrual cycle stage specific or hormonal milieu independent. Furthermore, differential gene expression and pathway analyses, based on these binary decisions, provided insight into steroid hormone signaling and other molecular and cellular dysfunctions in endometrium of women with E and also dysfunctions with other uterine/pelvic disorders.
Materials and Methods

Specimens and processing
In the National Institutes of Health (NIH)/University of California, San Francisco (UCSF) Human Endometrial Tissue Bank, n = 148 archived endometrial samples from different menstrual cycle phases were identified from women with E and pelvic pain and/or infertility (n = 77), no E but with uterine/pelvic pathology (NE.UPP) (n = 37, including symptomatic uterine fibroids, pelvic organ prolapse, and adenomyosis), and n = 34 no E and no uterine/pelvic pathology (NE.NUPP) (normal controls). Included were cycling women 20-50 years old undergoing procedures for diagnosis and treatment of pelvic pain, infertility, or benign gynecologic conditions and normal volunteers (Supplemental Table 1 ). Exclusion criteria included hormonal treatment within previous 3 months and presence of malignancy or major systemic disease. Uterine/pelvic abnormalities were verified from participants' operative and pathology 4 4 https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4239429/?report=printable 3/31
Classifier development reports, and E stage was per the revised American Fertility Society classification system (21) . Menstrual cycle phase was assigned by endometrial histology (22) , reviewed by 2 pathologists, confirmed by serum estradiol and P levels (NIH SCCPIR Ligand Core, University of Virginia, Charlottesville, VA), and corroborated by 2 independent bioinformatics methods: clustering in unsupervised whole-transcriptome principal component analysis (23) and cycle phase assignment classifier analysis. Samples were identified as proliferative phase endometrium (PE), early-secretory phase endometrium (ESE), or midsecretory phase endometrium (MSE). Four samples with conflicting ("indeterminate") cycle phase assignment were included only for development of cycle phase-unrestricted classifiers (see below). All samples were obtained after written, informed consent through the UCSF Committee on Human Research Protocol 10-02786.
Whole-tissue samples were processed using rigorous protocols and hybridized to whole-genome microarrays, as described (17, 23) . Total RNA was purified from specimens, as described (23), and only high-quality RNA samples (RNA integrity number >7) were processed for hybridization to Affymetrix HU133 Plus 2.0 (54 675 probe sets) high-density oligonucleotide arrays at the UCSF Genomics Core Facility.
Data processing and statistical analysis
The .cel data files were uploaded to the National Center for Biotechnology Information (NCBI) Gene Expression Omnibus (GEO) Database (series accession number GSE51981). All data analyses were performed using R and Bioconductor. Microarray data for all 148 samples were simultaneously normalized using the Bioconductor package GCRMA (24) . Classifier construction and validation were performed using margin tree classification (25) with the Bioconductor marginTree package. Different classifiers were developed with this methodology, using samples in a particular menstrual cycle phase (phase specific), across 2 phases (phase restricted), or regardless of phase (phase unrestricted). For each classifier, corresponding samples were partitioned using stratified random sampling into 2 discrete subsets: 80% used for construction and 20% used for independent validation (see Figure 1 A). The number of samples in each disease category defined the stratification, thereby preserving the original proportional representation in both subsets. Classifier construction involved building the margin tree, followed by classifier training through k-fold cross-validation to minimize overfitting by further partitioning the construction set into k nonoverlapping folds (typically k = 5 to 10 folds), each preserving the proportional stratification of the original subset, then combining k-1 folds into a train set to build a classifier with the remaining fold as test set to score accuracy. This process was repeated until each fold had been used once as the test set, then the optimal value of the margin tree's adjustable parameter was found, creating a classifier that best generalized to new samples. Finally, performance of the developed classifier was evaluated on an independent validation sample set to compute the classification accuracy on samples never seen by the classifier during construction.
Resampling
Resampling (multiple iterations of random partitioning and classifier construction/validation) used a sequence of different prime numbers as seeds to initialize random partitioning of samples into construction and validation sets. This generated 250 classifiers per sample set, each one scored for performance on the corresponding independent validation set. This resampling approach added robustness, addressed the inherent bias introduced by partitioning of the sample sets, and allowed estimating validation accuracy distribution for the classifiers, how frequently a gene would be used, and its ranking in importance, for a specific binary decision (26 Differential gene expression analysis used R/Bioconductor package, limma, and moderated t statistic with false discovery rate error control (27) . Comparisons were between samples grouped according to the classifier-defined decision tree branches and between E and no E but other abnormal uterine/pelvic pathology vs normal controls, respectively. Each contrast was evaluated simultaneously for each of the 3 phases. Biological functions and canonical pathway analyses for differential expression comparisons were conducted using R/Bioconductor package, sigPathway (28) , including annotations from Gene Ontology, KEGG, Biocarta, and other sources. Pathways with changes in function were identified by aggregating differentially expressed member genes into a pair of pathway-level statistics, assessing the statistical significance of each, and ordering the pathways by the average rank of the 2 statistics. Activated or inhibited pathways were identified when both statistics were positive or negative, respectively.
Q-RT-PCR validation of gene expression
Ninety-two differentially expressed genes were analyzed using 48 proliferative endometrium samples ( Table 2 ) (29) . Briefly, cDNA samples were preamplified to enrich loci of interest using primer pair (500nM) pools for all genes assayed, diluted 1:20, and quantitative PCR performed using EvaGreen binding dye. Reaction conditions and amplicon integrity assessment were as described (29) . Data were processed with individually set thresholds for each gene, and linear baseline correction using BioMark real-time PCR Analysis software (version 3.0.4). Metastasis associated lung adenocarcinoma transcript 1 (MALAT1) expression was assessed by Q-RT-PCR on Mx 3005 Pro (Stratagene), with 10-ng cDNA amplified with 150nM primer mix (Eurofins MWG Operon) and SensiFAST SYBR Lo-ROX (Bioline) for 40 cycles (29) . Ribosomal protein L19, with stable endometrial expression by microarray and Q-RT-PCR, was used for normalization. Data were analyzed using Microsoft Excel office (2011) by the comparative Cycle threshold (Ct) method (30) to assess relative expression between groups. Dixon's Q test was used to identify and remove outliers (31) .
Correlation between microarray and Q-RT-PCR
The agreement between microarray and Q-RT-PCR differential gene expression data was evaluated with nonparametric Spearman's Rho and Kendall's Tau using StatView 5.0.1 (SAS Institute, Inc). For both tests, a positive value indicates agreement between the microarray and Q-RT-PCR data at the significance level given by the P value assessed with a two-tailed null hypothesis of no association.
Results
Diagnostic classifiers
Clinical data are shown in Table 1 and Supplemental Table 1 . Gene expression analysis data were characterized by extreme asymmetry with many more variables (54 675 probe sets) than observations (148 samples), and the experimental design presented a multiclass problem with 3 disease categories for discrimination (NE.NUPP, NE.UPP, and E). Margin tree classification (25) effectively treated these experimental design and dataset features, whereas analytical alternatives (32, 33) yielded classifiers of low-fair accuracy. The margin tree algorithm used microarray data in an unsupervised manner to resolve the classification of more than 2 classes into a tree-like sequence of binary decisions each based on expression levels of distinct sets of genes. For each classifier, corresponding samples were partitioned into 80% construction and 20% independent validation sets ( Figure 1A) , and classifiers were developed with construction sets, underwent k-fold cross-validation to minimize overfitting, and were scored for accuracy with validation sets not used during construction. Highest accuracies were obtained with composite classifiers comprising a disease component and a severity component, corresponding to the decision tree shown in Figure 1B . The disease component identifying endometrial samples from women with E included 2 sequential binary decisions. 
Disease component
Disease classifiers discriminated among NE.NUPP, NE.UPP, and E. We developed menstrual cycle phaseunrestricted classifiers diagnosing samples in all cycle phase categories, phase-restricted classifiers diagnosing samples in both PE and ESE, and phase-specific classifiers (PE, ESE, or MSE) diagnosing samples in the corresponding cycle phase. Resampling yielded multiple high (>90%) accuracy classifiers, the best performing being the PE/ESE phase restricted, and all phase-specific classifiers achieving 100% accuracy on independent validation samples. Altogether, 75 high accuracy disease classifiers were discovered ( Table 2 ). Characteristics of individual disease classifiers (accuracy and number of probe sets for each decision) from all diagnostic variants are in Supplemental Table 3A , wherein 2 particular PE and ESE phase-specific disease classifiers achieved 100% accuracy using less than 100 genes for each disease classification decision.
Severity component
Disease classifiers segregated E samples into 1 class regardless of severity; then, severity classifiers, constructed and validated with samples from women with E, divided them into minimal/mild and moderate/severe. We developed numerous phase-specific severity classifiers that achieved 100% accuracy on independent validation samples ( Table 3) . Four ESE severity classifiers used less than 100 genes, whereas the lowest number of probe sets used by a PE severity classifier was 196, and all MSE severity classifiers used more than 1000 probe sets (Supplemental Table 3B ).
Core genes
Each binary decision in the classification process was based on expression levels of distinct gene sets specific for a given binary decision and classifier. For a given sample set, resampling generated multiple classifiers, and those performing with the same validation accuracy comprised a "classifier family," and for a given binary decision, a defined subset of "core" genes was used by every classifier within a family. Thus, each classifier family has 3 distinct sets of core genes, 1 for each binary decision. Core genes, therefore, are indispensable for diagnosis at the defined accuracy by all classifiers within a given family.
Core genes for the PE and ESE phase-specific/100% accuracy disease and severity classifier families are in Supplemental Table 4 . For MSE, highest accuracies were 91% for disease and 100% for severity, and classifiers required many more core genes at all decision points (Supplemental Table 4 ).
Differentially expressed genes and pathway analyses
Classifier analysis defined a hierarchy of stratification for the disease categories providing a roadmap for further data mining to unveil underlying biological processes. The sequence of binary decisions consistently first segregated all pathologies combined from normal controls, indicating this represents the most salient transcriptomic contrast and implying relatedness of the transcriptomic signatures when pathology is present vis-à-vis a normal pelvis. Margin tree dendrograms ( Figure 2A ) confirmed that separation between the 2 pathology classes (E and NE.UPP) was substantially narrower than that between normal controls (NE.NUPP) and the combined pathology classes ([E + E.UPP]). Differentially expressed genes specific to each cycle phase.
Branch 1
The core genes in Supplemental Table 4 correspond to the 3 decision levels ( Figure 1B ) for the highest accuracy phase-specific composite classifiers. Importantly, each level reflects margin tree algorithm decisions for optimal high-dimensional partition of the classes into two groups at each juncture (32) , not pairwise comparisons of differentially expressed genes, and the classifier gene lists at each decision were not derived from differential expression analysis. Indeed, classifier-generated gene lists may not contain all differentially expressed genes between the 2 groups at a given decision level, and conversely, not all genes used by the classifier for a decision will be necessarily differentially expressed between the 2 groups at a conventional significance and fold change threshold. To determine genes differentially expressed in endometrial samples in the groups corresponding to the classifier branches, ie, [E+NE.UPP] vs controls (NE.NUPP), E vs NE.UPP, E.Mod/Severe vs E.Min/Mild, we conducted differential expression analyses using all samples for classifier development across 3 phases of the menstrual cycle. We also compared gene expression in E vs normal and NE.UPP vs normal and conducted pathway analyses and validated gene expression by Q-RT/PCR.
Genes differentially expressed in each of the comparisons (Supplemental Table 5 ) were uniquely differentially expressed in different hormonal milieu, in 1 phase of the cycle, in 2 phases, or across all 3 phases. Figure 2B shows the Venn diagram of differentially expressed genes for comparisons at each branch point in Figure 1B decomposed by phase into the subgroups shown, with overlaps in different phases. Consistent with classifier analysis, the greatest number of differentially expressed genes (21 946 probe sets) was found in [E+NE.UPP] vs NE.NUPP ( Figure 2B ), compared with only 214 in E vs NE.UPP, and 8444 in the severity comparison
Tanscriptomic changes in E and other pelvic/uterine pathologies
In branch 1, the most highly differentially expressed genes across all phases studied included FOSB, FOS, early growth response 1, JUNB, deiodinase iodothyronine type II (DIO2), and integrins (Table 4) . Striking were the high fold changes of FOSB and FOS and that they were part of the highest performing classifier core genes in the first binary decision in the proliferative and early-secretory phases (Supplemental Table  4A ), distinguishing a normal pelvis (NE.NUPP) from abnormal [E+NE.UPP]. Twenty-five out of 88 core genes listed in Supplemental Table 4 were differentially expressed (>1.5-fold) in 1, 2, or 3 phases of the cycle.
Also of interest across all phases is up-regulation of genes involved in immune cell activation and signaling. Among down-regulated genes are members of the EGF signaling pathway known to be dysregulated in endometrium of women with E (16, 17, 34) , including ERBB2 and ERBB2-interacting protein.
Most genes were similarly regulated in E vs NE.NUPP and NE.UPP vs NE.NUPP, supporting few genes differentially expressed in all 3 phases in E vs NE.UPP ( Figure 2B , Tables 5 and 6 , and Supplemental Table 5 ).
Some genes were up-/down-regulated in [E+NE.UPP] vs NE.NUPP with differential expression restricted to 1 phase of the cycle (Table 5 ; for complete list, see Supplemental Table 5 ). In proliferative phase, most highly up-regulated genes included glutathione peroxidase (GPX)3, water and ion channels, secretoglobin family members, and highly downregulated genes included carboxypeptidase M, Wnt inhibitors, integrins, and matrix degrading enzymes. Many of these were also differentially expressed in E vs NE.NUPP and NE.UPP vs NE.NUPP (Supplemental Table 5 ). In early-secretory phase (Table 5) , highest up-regulation was for immune modulators, transmembrane proteins, collagens, the cell cycle regulator PTEN, and transcription factors, and down-regulation of solute carriers, thyroid hormone signaling, phosphodiesterases, and ephrin family members. Midsecretory phase was remarkable for up-regulation of genes for immune response and https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4239429/?report=printable 7/31
Branch 2
Differentially expressed genes in disease severity comparison angiogenesis. Down-regulated genes involved ribosomal modification proteins, the immune response, prostaglandin synthesis, metalloproteinases, integrins, mucins, and nuclear receptor coactivator 2 (NCOA2). Most of these were also differentially expressed in E and NE.UPP vs normal, including genes for the killer immunoglobulin receptors (KIRs), with additional up-regulation of hemoglobin-β, IL family members, and hepatocyte growth factor (HGF), and down-regulation of matrix metalloproteinase 26 (MMP26), microRNA (MIR)30C2 in E, and up-regulation of HLA-DRB1, gastrin, secreted frizzledrelated protein 1 (SFRP1), and down-regulation of solute carrier proteins, TGFB2, among others in NE.UPP (Supplemental Table 5 ).
There were remarkably few up-regulated probe sets in the proliferative phase in E vs NE.UPP (  Table 6 and Supplemental Table 5 ). However, striking was down-regulation of the angiogenesis inducer, CYR61 (ie, up-regulated in NE.UPP), suggesting an even greater proangiogenic environment in endometrium of women with uterine fibroids and other uterine/pelvic disorders compared with E. The early-secretory phase was marked by up-regulation of genes for transmembrane proteins, stromal-derived factor 2, and down-regulation of a variety of transcription factors, ubiquitin pathway members, and others. The midsecretory phase displayed up-regulation of genes for solute carrier proteins, cytochrome P450 members, transcription factors, angiogenesis, GPCRs, and calpain. Down-regulated genes included those for junctional complexes, thyroid hormone action, mucins, and helicases. There were few genes commonly regulated in all phases of the cycle (Supplemental Table 5 ).
Pathway analyses in endometrium in the context of uterine/pelvic disorders
The most highly up and down activated canonical pathways are shown in Table 7 (see Supplemental  Tables 6-10 (Table 7 and Supplemental Table  6A ) were global down-regulation of cell division and activation of neuropeptide signaling, immune activation and steroid hormone metabolism. Most of these were also observed in E vs normal (Table 7 and  Supplemental Table 9 ) and NE.UPP vs normal (Table 7 and Supplemental Table 10 ). Early-secretory phase was marked by activation of growth factor, steroid hormone, and integrin signaling pathways and immune activation in [E + NE.UPP] vs normal. Androgen receptor and ER signaling and angiogenesis were more prevalent in samples from women with E (Table 7 and Supplemental Table 6B ). In midsecretory phase, cell defense and immune activation prevailed in [E+NE.UPP] vs normal (Table 7 and Supplemental Table  6C ) with immune activation and stress/inflammatory response additionally in E vs normal, and the response to stress/toxicity prevailing in NE.UPP vs normal controls. Down-regulation of specific signaling pathways was observed uniquely in endometrium from women with these disorders vs controls (Table 7) . In E (all stages) vs NE.NUP in early and midsecretory phases, aberrant cell signaling involving EGF, ERK/MAPK, and Jak/STAT/PI3K/protein kinase B (AKT) signaling was observed, consistent with previous studies in women with moderate/severe (16) or minimal/mild disease (17) vs controls, and a baboon model of E in midsecretory phase (35) . Novel in the current study is the prominence of immune activation in E vs NE.NUP in all 3 phases, as well as transcriptomic analysis of endometrium from women with other uterine/pelvic pathologies and phenotypically normal controls.
For branch 2 (E vs NE.UPP) ( Table 7 and Supplemental Table 7) , there were only down-regulated pathways in the proliferative phase, in contrast to early-secretory phase, with only pathway activation. In the midsecretory phase, activated pathways in E involved response to chemical substance, ER and Wnt pathway signaling, cytoskeleton, and angiogenesis, and down-regulation involved DNA replication and sterol metabolism.
Transcriptomic changes with E disease severity (branch 3)
In all 3 phases (Table 8) (Table 9) . Interestingly, several genes with known importance in endometrial function and E were up-regulated in less severe disease, including, MSX2, ILs, BMPs, Indian hedgehog (IHH), and transducer of ERBB signaling (34) . In advanced disease genes associated with thyroid hormone metabolism, calcium binding, extracellular matrix, ubiquitin pathway members, and cell cycle regulation were up-regulated in early-secretory phase, whereas in less severe disease, genes for matrix proteins, ion channels, and ephrin receptor were stimulated (Table 9 ). In advanced disease midsecretory phase genes for phosphoinositol signaling, nitric oxide (NO) synthase trafficking, calcium homeostasis, matrix degradation, angiogenesis, immune modulation, and prostaglandin signaling were up-regulated, and in less severe disease stimulation of genes for IGFBPs, chemokines/receptors, inflammation, and nuclear receptors was observed.
Pathway analyses
In endometrium from women with moderate/severe E, multiple signaling pathways, endothelial biology, inflammation, and cell division were activated in the proliferative and early-secretory phases (Table 7 and  Supplemental Table 8 ), consistent with a previous report (36) . In the midsecretory phase, activation of transcription, translation, and pattern binding pathways were observed in moderate/severe disease, whereas cell division, cytokine/growth factor activity, and Wnt signaling were activated in minimal/mild disease, consistent with a previous report (36) .
Validation of gene expression
Using multiplex Q-RT-PCR, we validated 92 genes generated from the differentially expressed gene lists corresponding to sample groups at each of the decision tree branches, as well as E vs normal and NE.UPP vs normal. Choice of genes was based on their relevance to core genes in the classifier gene lists, the magnitude of their relative expression, and relevance to endometrial biology (Supplemental Table 11 ). High concordance was observed between microarray and Q-RT-PCR fold changes, using the Spearman's Rho and Kendall Tau statistics (0.68 and 0.48 for all proliferative phase decision point comparisons, and 0.74 and 0.54 and 0.70 and 0.49 for E vs normal and NE.UPP vs normal, respectively, and all with P < .0001).
Discussion
Biomarkers and diagnosing E Non-or low-invasive biomarkers/diagnostics have the promise of replacing surgical diagnosis of E, although numerous approaches based on candidate genes/proteins relevant to disease pathophysiology and also unbiased approaches (18, 37,-40) have had disappointing results (41) . Two recent systematic reviews of all proposed E-related biomarkers (steroid hormone signaling and metabolizing enzymes, cytokines, angiogenic factors, and growth factors) over the last 25 years in serum, plasma, and urine (39) and endometrium (18) could not identify an unequivocally clinically useful biomarker or panel of biomarkers, due to low numbers of subjects, small populations for validations, cycle/hormonal-and stage-dependence, poorly defined controls, and low sensitivity and specificity. A systematic review of more than 200 potential endometrial biomarkers, including hormones and their receptors, cytokines, factors identified through proteomics, and histology revealed sensitivities and specificities of 0%-100% (18) . Six highquality studies identified putative biomarkers related to nerve fiber growth, although recent data suggest that these are a bellwether of pelvic pain and not specifically E (37, 42 ultrasound with 81%-90% sensitivity and 63%-80% specificity in independent training and test set data and await further prospective validation (43) . Although microRNAs have been discovered in endometrium of women with vs without disease, their utility as a biomarker for E has been suggested, although not specifically tested (44) .
Prevalent confounders of uncertain patient characteristics, including menstrual cycle phase, disease stage, comorbid pelvic or uterine conditions, and whether control groups have the absence of uterine and/or other pelvic pathologies are distinct challenges in diagnostic development for E (37) . Standard operating procedures for specimen collection, storage, and processing and comprehensive and accurate surgical phenotypic data are vital to the fidelity of the conclusions drawn from the molecular readouts. Herein, all surgeons were experienced in E identification and staging, and we largely followed recent guidelines on standard operating procedures and surgical data collection for E research from a global collaborative (45, 46).
Our classifiers described herein stratified disease categories distinguishing between endometrial tissue samples from women with no abnormalities in the pelvis vs some abnormality (fibroids, E, adenomyosis, pelvic organ prolapse) and also samples from women with E vs other pathology, even when the latter occurred concomitantly with E (a common finding in our cohort). These data suggest that in women with uterine/pelvic abnormalities, the endometrium has a distinct transcriptome compared with samples from women with a completely normal pelvis and that this effect is steroid hormone specific and also independent, underscoring the importance of appropriate stratification in biomarker discovery. Of note, a recent study (47) reported that of 49 endometrial samples analyzed, proteomic, but not transcriptomic, profiles had high accuracy in distinguishing women with E vs no disease. However, the control group included women with and without a normal pelvis, underscoring the importance of defining controls.
Staging of E is surgical, and our classifiers distinguished lesser disease from more advanced disease, not heretofore differentiated with other targeted or unbiased transcriptomic approaches cited above. Knowing this information a priori has the potential to guide treatment options for patients (1) . Of interest is a recent urinary peptide profiling study wherein 2 peptide peaks distinguished moderate E from controls and 2 peaks distinguished disease severity (all with 72%-85% sensitivities and specificities) (48) . Whether secreted proteins corresponding to genes differentially expressed in our study correspond to as yet unidentified proteomic peaks in serum or urine awaits further investigation.
Molecular and cellular insights derived from unbiased classifier development
Analysis of genes differentially expressed in endometrial samples corresponding to each binary decision in Figure 1B and analysis of their corresponding canonical pathways revealed unanticipated insights into molecular processes and cellular functions in this tissue in the setting of E (and other uterine/pelvic abnormalities), as well as stages of E. Genes uniquely differentially expressed in 1 phase of the cycle provide information about processes that differ between comparison groups in a defined hormonal milieu. However, the discovery of genes that are up-or down-regulated and activation of specific pathways in all 3 phases suggests abnormalities in endometrium that are intrinsic to the presence of uterine and/or pelvic pathologies and are independent of hormonal milieu. In the secretory phase, these changes may also reflect resistance to P action. We observed cycle-independent up-regulation of FOS (5-to 95-fold), a protooncogene/transcription factor induced by cytokines, growth factors, and estradiol that modulates expression of genes regulating cell proliferation, differentiation, survival, and angiogenesis (49) . FOS is inhibited by P in rat uterus (50) and was highly up-regulated (200-fold) in endometrium in a baboon model of E (51) . Why FOS is up-regulated in PE of women with E and other uterine/pelvic pathologies remains to be determined, although the known P resistance in endometrium of women with E (16) may contribute to the apparent cycle-"independent" FOS up-regulation observed herein in the secretory phase. 4 4 Also striking in endometrium of women with E was up-regulation across the cycle of genes and pathways involved in estrogen and androgen receptor and growth factor signaling, and immune activation, including antigen presentation, C-C chemokine receptor type 3 (CCR3) eosinophil and CXC chemokine receptor 4 (CXCR4) pathways, lymphocyte activation, cytokine/chemokine activity, humoral immune defense, and the stress/inflammatory response. There was marked up-regulation of IL-32, which induces monocytes and macrophages to secrete proinflammatory cytokines (52), CCL3 (macrophage inflammatory protein1-α), involved in polymorphonuclear leukocyte recruitment/activation in acute inflammation (53) , and granulysin, a proinflammatory, cytolytic product of cluster of differentiation 8 (CD8) cytotoxic T cells (54) . Whether up-regulation of cytokines, growth factors, and activation of, eg, steroid hormone and/or MAPK signaling pathways, are related to FOS up-regulation awaits further studies, as do identification of the cells of origin of the gene expression signatures and stimuli responsible for the immune activation observed.
Few studies comparing transcriptomes of eutopic endometrium, whole-tissue or isolated cell populations from women with E vs controls have been reported (16,-20, 47) , using different platforms and numbers of genes analyzed. Striking, however, is the conserved dysregulation of pathways involved in cell cycle regulation, cell survival, and ERK1/2, MAPK, and PI3K signaling. Similar abnormalities have been found in a baboon model of induced E (35), suggesting that eutopic endometrial changes may be a consequence of the disease. Whether endometrial differential gene expression is a cause or consequence of E (or other uterine/pelvic pathologies), an important biological question, it is not material to the utility of transcriptomic profiling for diagnostic classification. The findings described herein confirm that eutopic endometrium has a consistently unique transcriptomic signature in the setting of E, other gynecologic pathologies, and normal controls.
Clinical implications of endometrial function in women with E and other uterine/pelvic pathologies
Although there are notable differences in the endometrial transcriptome of women with E and those without E but with other uterine/pelvic pathologies, many genes were commonly expressed, supporting the hypothesis that the endometrium is perturbed when some abnormality is present in the pelvis or uterus, including uterine polyps (55), hydrosalpinges (56) , and uterine fibroids (57) . Whether abnormalities in the uterus and/or pelvis result in or are a result of a proinflammatory environment and perhaps steroid hormone-immune interactions remains to be determined. Furthermore, although the observed perturbations are not identical, the significant overlap supports the need for proper definition of control groups in studies on E biomarkers.
Our observations raise the questions of how abnormal processes (eg, aberrant steroid hormone and growth factor signaling and immune activation), present in nonpregnant endometrium, may affect normal endometrial function, including, eg, embryo implantation and pregnancy outcome and whether some implantation-based pregnancy disorders (eg, preeclampsia, preterm birth, fetal growth restriction) may be mitigated by diagnosis and treatments before pregnancy initiation. The activated signaling pathways may offer opportunities for targeted therapies of endometrial dysfunction before pregnancy or other endometrial disorders unrelated to pregnancy.
With regard to differences in endometrium from women with more advanced vs lesser stage disease, genes and pathways consistent with phase-dependent dysregulation of intracellular signaling pathways, inflammation, and synaptic transmission were observed. These data confirm and extend those of others (18, 36) and suggest an opportunity to discover specific endometrial targets to minimize disease-related pain and infertility.
Limitations
Ultimate clinical usefulness of the discovered classifiers relies on blinded prospective validation in welldefined and larger cohorts. Challenges of further development include potential confounders as endogenous/exogenous hormones and concurrent conditions beyond those stratified in the current analysis. Nonetheless, the current discovery of classifiers able to discriminate endometrial samples from women with E and distinguish stage with high accuracy in the face of existing comorbidities indicates that this approach holds promise for success in development as a clinical diagnostic. A multicenter trial is underway to prospectively validate performance of specific classifiers on an independent test set and determine whether office endometrial biopsy can replace current surgical practice to diagnose and stage disease.
Also, although this study revealed valuable information about underlying biological processes within endometrial tissue in the setting of pelvic disorders, cellular components responsible for these changes remain to be defined by suitable in situ/ex vivo studies. The findings of highly prevalent steroid and thyroid hormone metabolism and signaling and immune activation/inflammation-related pathways provide important clues to cell specificity and narrow the range of potential key cell types involved in these processes.
Summary
In summary, this study lays a foundation for developing low-invasive diagnostics for E and disease staging and also for understanding the roles of the endocrine and immune systems in women with E and other uterine/pelvic disorders and how these affect normal and abnormal endometrial function. Figures and Tables Figure 1 .
Classifier development. A, Schematic representation of classifier construction and validation showing partitioning of samples to construct classifiers, including train and test sets, and validating classifiers with samples not used in the construction process. B, Binary decision tree to diagnose and stage E. min-mild, minimal/mild; mod-severe, moderate/severe. 
